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CURRENT CONCEPTS: 
Neurobiology of Seizure Predisposition -- 
the Genetically Epilepsy-prone Rat 
IV. ANATOMICAL CHANGES OF THE GABAergic SYSTEM IN THE INFERIOR COLLICULUS 
OF THE GENETICALLY EPILEPSY-PRONE RAT 
Rosalinda C. Roberts and Charles E. Ribak 
Department of Anatomy, University of California, Irvine, CA 92717 
Summary 
The number of GABAergic neurons as determined by GAD 
immunocytochemistry and total neurons as determined from Nissl 
preparations were counted and classified at the light microscopic 
level in the inferior colliculus (IC) of the genetically epilepsy 
prone rat (GEPR) and the non-epileptic Sprague-Dawley (SD) strain 
of rat. GAD-positive neurons are abundant in the IC and a 
significant increase in the number of GAD-positive neurons occurs 
in the GEPR as compared to the SD in all three subdivisions. 
However, the most pronounced difference occurs in the ventral 
lateral portion of the central nucleus, where there is a selective 
increase in the small (200%) and medium-sized (90%) GABAergic 
somata (10-15 ~m in diameter and 15-25 ~m in diameter, 
respectively). As determined from Nissl preparations an increase 
in total numbers of neurons also occurs. Thus, a 100% increase in 
the number of small neurons and a 30% increase in the number of 
medium-sized neurons occur in the adult GEPR as compared to the SD 
rat. A statistically significant increase in the numbers of small 
neurons also occurred in the IC of the young GEPR. At 4 days of 
age, a 55% increase in the number of small neurons was found, and 
at I0 days of age this increase was 105%. The numbers of the 
medium and large neurons were similar in the older group of rats. 
These data suggest that the increase in cell number observed in the 
adult GEPR is not compensatory to the seizure activity, but may 
either be genetically programmed or be a failure of cell death. 
Based on other studies of genetic models of epilepsy, we propose 
that the additional GABAergic neurons may disinhibit excitatory 
projection neurons in the IC. 
The genetically epilepsy Drone rat (GEPR) exhibits severe generalized 
motor seizures in response to intense auditory stimuli. Lesion studies 
indicate that the primary neuronal pathways involved in the manifestation of 
audiogenic seizures are subcortical because ablation of auditory cortex does 
not prevent seizures (1,2,3,4). Lesions of the inferior colliculus (IC) 
prevent seizures (3,5) and other data support the notion that the IC is 
involved with audiogenic seizures. Pharmacological studies indicate that 
neurons in the IC of the GEPR may be less sensitive to GABA and benzodiazepine 
iontophoresis than neurons in the IC of control rats (6). In addition, 
infusion of GABA agonists into the IC attenuates seizures and conversely, 
infusion of GABA antagonists causes seizures (2,7). Also, an increase in 
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after discharge-like responses similar to that observed in other types of 
seizures has been observed in the IC of the GEPR (8). These studies indicate 
several abnormalities within the IC of the GEPR, including a possible loss of 
GABA-mediated inhibition. 
A number of studies have indicated that a decrease in the 
neurotransmitter, GABA, can cause a significant loss of CNS inhibition and 
result in a hyperexcitable state (9,10). Anatomical studies of focal models 
of epilepsy by Ribak and coworkers are consistent with this notion because 
they have demonstrated a preferential loss of GABAergic terminals at epileptic 
foci created by alumina gel in monkeys (11,12,13) and in the isolated cortical 
slab model of focal epilepsy (14). Recently, we have analyzed two models of 
genetic epilepsy and paradoxically, specific brain regions associated with the 
analysis of the epilepto~enic stimuli display increased numbers of GABAergic 
neurons (15,16). 
This review involves the analysis of one of these genetic models of 
epilepsy, the GEPR. For these studies, we have utilized immunocytochemical 
methods to localize GABAergic neurons. In addition, total cell counts as 
determined with an analysis of Nissl preparations were performed in both adult 
and neonatal animals. Together, these results indicate that the organization 
of the GABAergic system in the GEPR is different from that found in the normal 
rat. 
Anatomical Observations 
The GEPRs used in these studies were offspring of the UAZ strain received 
from Dr. Phillip C. Jobe. Both GEPRs and Sprague-Dawley rats were given an 
audiogenic response score according to the scale established by Jobe et al. 
(17). GEPRs were used after receiving three consecutive scores of 9 and SD 
rats were used if their audiogenic response score was 0. In addition, young 
GEPRs and SD rats ranging in age from 4-10 days of age were used in these 
studies. 
Immunocytochemical localization of glutamic acid decarboxylase (GAD), the 
synthesizing enzyme for GABA, was used to identify GABAergic neurons and axon 
terminals (16). Every f i fth 40 ~m sect ion was processed for GAD 
immunocytochemistry using an anti-GAD serum (18) and an avidin biotin 
peroxidase complex (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA). 
Omission of the primary antiserum served as the immunocytochemical control. 
The criteria for identifying GAD-positive neurons included distinct 
cytoplasmic boundaries and the presence of dark brown reaction product within 
the perikaryal cytoplasm. All GAD-positive cell bodies in 4-8 sections 200 ~m 
apart throughout the rostrocaudal extent of the IC were counted. Somata from 
a representative 62,500 ~m 2 grid in the ventral lateral portion of the central 
nucleus of the IC (ICCN) were counted and classified according to size and 
morphology. Somata from a representative 31,250~m 2 area were also counted for 
the pericentral nucleus (PCN) and  the external nucleus (EN). Data were 
analyzed with a Student's t test. To determine if the increase in number of 
GAD-positive neurons was present in other brain regions, the oculomotor 
nucleus (cnIII) and the medial superior olive (MSO) were analyzed. 
Other brains from both adults and pups (ranging in age from 4-10 days of 
age) were embedded in paraffin, sectioned in the coronal plane and stained 
with cresyl violet. Cell bodies were drawn using a camera lucida from a 
representative 62,500Um 2 grid in the ventral lateral portion of the ICCN from 
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Fig. 1. Photomicrographs of the ventral lateral portion of the central 
nucleus of the inferior colllculus showing the typical distribution of 
GAD-positlve somata (arrows) in the Sprague-Dawley rat (a) and the GEPR (b). 
Note the increase in the numbers of small GAD-posltlve neurons. Scale bar 
equals 25 um. 
Source: RoC.Roberts, C.E.Ribak and W.H.Oertel, Brain Research, 361 324-338(1985) 
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10-12 sections throughout its rostrocaudal extent. Somata were classified as 
small (10-15 um in diameter), medium (15-25 Dm in diameter) or large (greater 
than 25 um in diameter ), and the average cell number in each size group was 
tabulated. Data were statistically analyzed and cell bodies were also counted 
from cnlll and MSO. In addition, the area of the IC was determined using a 
digitizing tablet and an Apple II computer. The details of these methods have 
been described previously (16,19). 
Numerous GAD-positive neuronal somata were found in the IC in all three 
of its subdivisions, the ICCN, PCN and EN. The IC also contained GAD-positive 
punctate structures that represent GAD-positive axon terminals and perhaps 
some small transversely-sectioned dendrites and preterminal axons. The 
GAD-positive neuronal somata in the IC of the GEPR were similar to those found 
in the SD rat. For example, GAD-positive somata were present in the three 
subdivisions of the ICCN and displayed a wide variety of sizes and shapes 
similar to that found in SD rats. One major difference was that many more 
GAD-positive cells occurred in the GEPR than in the SD rat. Representative 
regions of the ICCN (fig. la and Ib) revealed that the distribution of large 
cells in the SD rat and the GEPR was similar, but that the small and 
medium-sized GAD-positive neurons were dramatically increased in number in the 
GEPR. Note that in the field shown in fig. la only 4 GAD-positive neurons are 
shown in the SD preparation. In contrast, at least I0 GAD-positive somata are 
present in a similar region in the GEPR (fig. Ib). 
A quantitative analysis of these preparations confirmed the qualitative 
description. A significant increase (p<.001) in the number of GAD-positive 
neurons occurred in the IC of the GEPR as compared to the SD rat. 
GAD-positive neurons were counted from representative grids in each region of 
the IC: EN, PCN, ventral lateral ICCN, and dorsomedial ICCN. Although there 
were more GAD-positive cells present in the GEPR in all subdivisions of the 
IC, the most dramatic increase was in the ventral lateral portion of the ICCN. 
Throughout this latter nucleus the rostrocaudal extent there were more 
GAD-positive neurons in the GEPR than in the SD. This increase was most 
prominent in the center of its rostrocaudal extent where there was a 200% 
increase in the number of small cells (10-15 ~m in diameter) and a 90% 
increase in the number of medium-sized cells (15-25 ;am in diameter) in the 
GEPR as compared to the SD rat (fig. 3). In contrast, the number of 
GAD-positive large cells (diameter > 25 um) was similar in both groups of 
animals. 
To determine if the increased number of GAD-positive neurons present in 
the IC was found in other brain regions, two other nuclei were chosen for 
analysis: the medial superior olive (MSO) and the oculomotor nucleus (cnIII). 
These nuclei were chosen because cnIII is another midbrain nucleus not related 
to the primary auditory pathway and MSO is another primary auditory brainstem 
nucleus. Very few GAD-positive neurons were found in either structure and 
there was no difference in number between the two groups of animals. 
The Nissl preparations obtained from adult animals revealed a 
heterogenous population of small, medium and large neurons in the ICCN. 
Consistent with the quantitative data on GAD-positive cells, there were more 
neurons in the GEPR than in the SD rat (figs. 2a and 2b). This increase 
occurred in the numbers of small (100%) and medium-sized (30%) neurons, 
consistent with the increase in the GAD-positive cell types (fig. 3). No 
regional differences were observed throughout the rostrocaudal extent of the 
ICCN, so the mean number represents the averages from all levels of the IC. 
This increase in cell density observed in the IC of the GEPR was not present 
in cnlII or MSO. The results of the computer analysis of the areas of the IC 
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Fig. 2. Nissl preparations obtained from the ICCN of the SD (a) and the GEPR 
(b) to show the distribution of neuronal somata (arrows). The GEPR displays a 
dramatic increase in the number of neuronal somata as compared to the SD. 
Scale bar equals 25 ~m. 
Source: R.C.Roberts, C.E.Ribak and W.H.Oertel, Brain Research, 361 324-338(1985) 
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indicated that there was no significant difference between the SD rats and the 
GEPRs in either the adult or the young animals. 
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Fig. 3. The left histogram shows the average number of small, med iu~and large 
cells, based on the diameter of the soma, counted from 62,500 ~m areas in 
the ventral lateral portion of the ICCN obtained from GAD immunoeytoehemical 
preparations. The GEPR displays a 200% increase in the number of small 
GAD-positive cells (p<.001) and a 90% increase in the number of medium-sized 
cells (p<.001). In contrast, the number of large GAD-positive cells in the 
GEPR was similar to that for the SD. n= number of rats; 35 grids from SD 
brains were sampled and 20 grids from GEPR brains were sampled. The right 
histogram shows the average number of small, medium and large Nissl-stained 
neurons counted from 62,500 ~m areas in the ICCN, ventral lateral portion. 
The GEPR displays a 100% increase in the number of small cells and a 30% 
increase in the number of medium-sized cells in comparison to the SD rats. 
There is no difference in the number of large neurons in both groups of rats. 
n=number of animals; 17-24 samples were counted from each animal. Error bars 
indicate standard error of the mean. 
Source: R.C.Roberts, C.E.Ribak and W.H.Oertel, Brain Research, 361 324-338(1985) 
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Fig. 4 Histogram showing the average number of small, medium and large 
Nissl-stained neurons counted from 62,500 pm 2 areas in the ICCN, ventral 
lateral portion. At 8-10 days of age the GEPRs display a 105% increase in the 
number of small neurons relative to the SD. At this age there are similar 
numbers of medium-sized and large neurons. E r ro r  bars indicate standard 
deviation; n= number of animals; 17-20 Samples were counted from each animal. 
Source: R.C.Roberts, H.L.Kim and C.E.Ribak, Dev.Brain Res., 2__3 277-281 (1985). 
Similar findings were observed in the young GEPRs prior to seizure 
activity in that many more neuronal somata occurred in the GEPR as compared to 
the SD rat at comparable ages. This increase in neuron number appeared to be 
due to a selective increase in the small neurons in both 4-6 and 8-10 days of 
age. Quantitative analysis of the preparations confirmed these visual 
observations. The 4 day old GEPRs had 55% more small neurons and 40% fewer 
medium-sized neurons than the SD rats. The large neurons which are infrequent 
at this age did not display a significant difference in number between these 
two strains of rats. Nevertheless, the GEPR displayed more total numbers of 
neurons than the SD rat (198+44 vs 147+11). The difference in the number of 
both small and medium-sized neurons was statistically significant (p<.O01). 
The area of the IC was increased in size in the 8-10 day old rats as 
compared to the 4-6 day old rats. Concommitant with this increase was a 
decrease in cell density indicative of the growth and maturation of neuronal 
processes. At this age, the total number of neurons in the GEPR was greater 
than that of the SD (203~27 vs 127+27). Quantitative analysis of the 
individual cell groups indicated a I0~% increase in the number of small 
neurons in the GEPR as compared to the SD (fig. 4). At this age the number of 
the medium-sized and large neurons was similar in both groups of animals. At 
both ages there was no significant difference in the number of neurons in 
cnIII or the ventral cochlear nucleus between the two strains of rats. 
Discussion 
The GABA hypothesis of epilepsy states that decreases in the 
neurotransmitter, GABA, can cause a significant loss of CNS inhibition and 
result in a hyperexcitable state. This hypothesis has been demonstrated in 
anatomical preparations for certain models of focal epilepsy where a 
preferential loss of GABAergic terminals and somata are associated with the 
cortical focus caused by alumina gel in monkeys (11,12,13). GABAergic 
terminals are also selectively lost in the isolated cortical slab model of 
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epilepsy (14). In both these cases the epileptic activity has been attributed 
to these deficits in GABAergic transmission. In contrast to these studies, a 
statistically significant increase in the number of GABAergic neurons occurs 
in the IC of GEPRs as compared to the SD rats. These results are opposite to 
those expected from the models of focal epilepsy, and indicate a change in the 
GABAergic system. 
Previous studies in the IC of the GEPR suggest several abnormalities in 
its pharmacology and physiology (2,6-8) but this is the first report of an 
anatomical difference. Biochemical studies show an increase in the levels of 
glutamic acid decarboxylase (GAD) and GABA in the IC of the GEPR as compared 
to the control. Although these increases are not statistically significant, 
they were in the range of about 10% over normal levels (20). These data 
support our results of an increase in the number of GAD-positive neurons in 
the GEPR. 
A 100% increase in the number of small cells and a 30% increase in the 
number of medium-sized cells is found in the Nissl preparations of ICCN of the 
adult GEPR. Thus, the 200% increase in small GABAergic cells and the 90% 
increase in medium-sized GABAergic cells could, in part, be accounted for by 
the increase in the total number of cells. It is unlikely that this increase 
in cell number is a compensatory mechanism of the seizure activity because the 
young GEPRs, who have not had seizures, also display an increase in the number 
of neurons, specifically small neurons. The data from the young GEPRs suggest 
that either a developmental defect in the generation of small neurons or a 
failure of cell death prior to postnatal day four may occur in the GEPR. In 
either case the increase in the number of small neurons is present prior to 
the time at which seizure activity commences. Therefore, small neurons are 
not generated as a result of the seizure activity in an attempt to compensate 
for the increased activity. The situation is somewhat different for the 
medium-sized neurons because in comparison to SD rats the 4 day old GEPRs had 
fewer neurons of this size, the I0 day old GEPRs had similar numbers, and the 
adults displayed an increase (figS. 3 & 4 ). Such data suggest that a 
developemental lag in the growth of this size neuron may occur in the GEPR. 
Since the increased numbers of GABAergic neurons and total neurons in the 
adult occur in both the small and medium-size cell categories, the increased 
number of small neurons in the young GEPR probably reflects an increased 
number of GABAergic neurons as well. Since the area of the IC is similar in 
both groups of animals, the increases in total neuron and small neuron numbers 
observed in the GEPR are real and not simply due to an equal amount of neurons 
concentrated into a smaller sized structure. 
What is the relationship between the increase in the number of small 
GABAergic neurons and seizure activity? Previous studies in this model have 
indicated deficits in two other neurotransmitters, norepinephrine and 
serotonin (17,21-28). Therefore, the GABAergic defect is not the only 
problem. It is possible that this defect results from the noradrenergic 
deficit that is found in the brains of the GEPR rats (17,22-24,28). 
Norepinephrine (NE) has been shown to potentiate the action of GABA in the 
cerebellum of normal rats yet NE is ineffective in augmenting GABA mediated 
inhibition in the GEPR (I0). Perhaps the defect in the NE system of GEPRs 
triggers a compensatory increase in the generation of increased numbers of 
GABAergic neurons. 
A second possibility is that the additional GABAerglc neurons in the IC 
of GEPRs may be inhibiting the tonically active GABAergic neurons, thereby 
releasing excitatory projection neurons of their tonic inhibition. This 
hypothesis was originally proposed by Peterson et al. (15) to explain how an 
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increase in the number of GABAergic basket cells in the hippocampal dentate 
gyrus of the seizure sensitive gerbil may be causing seizure activity. In 
this model increased numbers of GABAergic basket cells occur in the dentate 
gyrus of the hippocampus of the selzure-sensltive gerbil. Basket cells 
provide recurrent inhibition to the granule cells, which are excitatory 
projection neurons. It is possible that the extra GABAergic cells interfere 
with the normal recurrent inhibition by inhibiting the normal basket cells. A 
preliminary ultrastructural analysis of gerbil preparations supports this 
hypothesis because more symmetric synapses are present on the somata of basket 
cells in seizure-sensitive gerbils (29). Although the intrinsic neuronal 
circuitry of the inferior colliculus has not been so finely detailed, it is 
possible that a circuit similar to the basket cell-granule cell connection 
exists in the IC. Future studies will examine the IC of the GEPR to 
determine if more symmetric synapses occur with GABAergic neurons to add 
further support for the disinhibiton hypothesis in models of genetic epilepsy. 
Nevertheless, the present data indicate that the GABAergic system in genetic 
models of epilepsy appears to be quite different from focal models of 
epilepsy. 
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